Introduction {#S0001}
============

Acute myeloid leukemia (AML) is the most common acute leukemia, accounting for about 80% of the adult cases.[@CIT0001],[@CIT0002] However, in children \<10 years of age, AML in cases of acute leukemia is \<10%.[@CIT0003] The outcome remains bleak, with a median survival of only 5--10 months, and the high rate of relapse is yet the primary challenge for AML therapy.[@CIT0004],[@CIT0005] Chimeric antigen receptor (CAR) T cell therapy has made breakthroughs showing a satisfactory efficacy, especially in B-cell malignancies. However, unlike CD19 which is restricted to B cells, it is difficult to find such a specific target in AML. Interestingly, several targets for AML have been studied, and among these, Lewis Y, CD33, CD123, and NKG2D-ligands have been applied to clinical trials.[@CIT0006] Currently, CD123 is under intensive research focus. Previous studies demonstrated CD123 is highly expressed in both AML blasts and leukemia stem cells,[@CIT0007]--[@CIT0009] whereas it is also expressed in kinds of cells, such as normal hematopoietic stem and progenitor cells (nHSPCs), dendritic cells, monocytes, and endothelial cells.[@CIT0005],[@CIT0007],[@CIT0010],[@CIT0011] Promising anti-leukemic activity was exhibited in preliminary clinical trials in both AML and blastic plasmacytoid dendritic cell neoplasm (BPDCN) without treatment-related cytopenia and other unreversible toxicity.[@CIT0012] At the end of 2018, the US FDA granted the orphan drug designation for BPDCN to Mustang's MB-102 (CD123 CAR T).Figure 1Expression of CD123 in HUVECs. (**A**) Surface expression of CD123 MFI on HUVECs and HDVECs was detected by staining with anti-CD123 APC and flow cytometry in Accuri C6. Representative plots are shown. (**B**) Expression of CD123 on HUVECs after treatment with cytokines (IL-1α, IL-1β, IL-4, IL-6, TNF-α, and IFN-γ) for 24 hrs was detected by flow cytometry (mean±SEM, n=3). Data show one representative experiment. (**C-D**) Expression of CD123 on HUVECs after treatment with IFN-γ, TNF-α (**C**), and IL-4 (**D**) at different concentrations for different time points (mean±SEM, n=3). Data show one representative experiment. (**E**) In HUVECs, the expression of CD123 after treated with IFN-γ, TNF-α, and IL-4 for 24 hrs was detected by mRNA Microarray Analysis (mean ± SEM of triplicate). (**F**) Expression of CD123 on HDMECs after treatment with IFN-γ, TNF-α, and IL-4 for 24h was detected by flow cytometry (mean±SEM, n=3). Data show one representative experiment. \**P*\<0.05; \*\*\**P*\<0.001; \*\*\*\**P*\<0.0001.**Abbreviations:** MFI, mean fluorescence intensity; IFN, interferon; TNF, tumor necrosis factor, HUVECs, human umbilical vein endothelial cells; HDMECs, human dermal microvascular endothelial cells.Figure 2CART123 exerts potent anti-leukemia and anti-endothelium activities in vitro. (**A**) Schematic of CAR constructs, showing that CARs consisted of anti-CD123 or anti-CD19, a CD8a hinge region, CD8 transmembrane and cytoplasmic regions, and a CD3ζ cytoplasmic region. The anti-CD123 CAR connected with EGFRt via the P2A peptide. (**B**) CAR expression on CART123 and CART19 was detected by biotin-conjugated goat anti-mouse IgG,F(ab')2 fragment polyclonal antibody followed by PE-conjugated streptavidin. (**C**) The expression of CD123 in K562, KG-1a, MOLM-13, and NALM-6 cell lines and primary AML cells from two patients (AML-2 and AML-3) was analyzed by flow cytometry. (**D**) Cytotoxicity at 24 hrs of CART123, or NT, when co-cultured with MOLM-13, K562, and HUVECs was detected using 7-AAD (mean ±SEM, n=3). Data show one representative experiment. (**E**) Cytokine production by CART123, CART19, or NT co-cultured with primary AML cells (AML-2), myeloid leukemia cell lines K562, MOLM-13, B-ALL cell line NALM-6, and HUVECs for 24 hrs was analyzed. The culture supernatants were harvested and analyzed by ELISA (mean±SEM of triplicate). \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001; \*\*\*\**P*\<0.0001.**Abbreviations:** CAR, chimeric antigen receptor; NT, non-transduced T; HUVECs, human umbilical vein endothelial cells; 7-AAD, 7-Aminoactinomycin D; AML, acute myeloid leukemia; B-ALL, B-cell acute lymphoblastic leukemia; MFI, mean fluorescence intensity; EGFRt, truncated form of the human epidermal growth factor receptor; E:T, the effector to target cell ratio.

However, as such a potential therapy, the safety of CD123-targeted CAR T cell (CART123) is crucial. Preclinical studies demonstrated that CART123 causes severe cytopenia, and it could be recovered by hematopoietic stem cell transplantation after CART123 elimination.[@CIT0013],[@CIT0014] Other studies have reported that the hematopoietic toxicity of CART123 is quite limited in both pre-clinical and clinical studies.[@CIT0012],[@CIT0015] Nevertheless, a few studies investigated the expression of CD123 on endothelial cells. The endothelial injury plays a vital role in the development of cytokine release syndrome (CRS) and capillary leakage syndrome (CLS).[@CIT0016]--[@CIT0019] CART123 has a low level of specific lysis to the endothelial cells in vitro.[@CIT0005],[@CIT0020] However, the premise of these studies is that normal tissues, especially endothelial cells, express a low level of CD123. A previous study exhibited that CD123 is lowly expressed in endothelial cells but could be upregulated by interferon (IFN)-γ and tumor necrosis factor (TNF)-α,[@CIT0021] which in turn, might aggravate the endothelial cell damage by CART123. Severe CRS and CLS occurred in the two patients in Cellectis' UCART123 clinical trials. Also, Linda et al[@CIT0022] developed non-human primates to address the potential effects of targeting CD123 on endothelial cells that significantly expressed CD123. Therefore, injury to endothelial cells could be a major cause of concern in CART123 therapy.

Furthermore, CRS is the most common adverse effect after CAR T cell treatment, with 18--100% incidence, whereas severe CRS had an incidence of 8--46% in the previous major CART19 clinical studies.[@CIT0023] The levels of both IFN-γ and TNF-α are elevated in the CRS; IFN-γ remains continuously elevated in CRS.[@CIT0024]--[@CIT0026] Therefore, we hypothesized that in the state of CRS, the expression of CD123 on endothelial cells is upregulated due to the elevated levels of IFN-γ and TNF-α in vivo, thereby enhancing the endothelium injured by CART123, aggravating CRS, and leading to CLS. In order to preliminarily validate the endothelial cell injury, especially in the case of abundant cytokines release, we conducted in vitro experiments. Next, we studied the CD123 expression on other normal cells, such as T cells, myeloid leukemia cell lines, and CD34+ cells.

Methods and materials {#S0002}
=====================

Cell lines and primary cells {#S0002-S2001}
----------------------------

AML cell lines KG-1a and MOLM-13 (ATCC, USA), chronic myelogenous leukemia (CML) cell line K562 (ATCC, USA), B-cell acute lymphoblastic leukemia (B-ALL) cell line NALM-6 (ATCC, USA), human umbilical vein endothelial cells (HUVECs; Cat \#8000, ScienCell, USA) before passage 7, human dermal microvascular endothelial cells (HDMECs; Cat \#2000, ScienCell, USA) before passage 5, primary AML cells (AML-2 and AML-3), and healthy donor-derived blood samples were used in the current study. Blood samples from healthy volunteers or AML patients were obtained using an approved protocol by the Ethics Committee on the Fifth Medical Center of Chinese PLA General Hospital. These studies were conducted following the Declaration of Helsinki. All subjects have provided written informed consent before participating in this study. MOLM-13, K562, and primary AML cells were cultured with Roswell Park Memorial Institute (RPMI)-1640 supplemented with 10% heat-inactivated FBS, and KG-1a cells with 20% FBS. HUVECs and HDMECs were maintained in endothelial cell medium (ECM; Cat \#1001, ScienCell).

T-cell transduction {#S0002-S2002}
-------------------

The retroviral vectors encoding anti-CD123 and anti-CD19 CARs were constructed based on a modified Moloney murine leukemia virus (Mo-MLV) vector described previously.[@CIT0027] The CAR123 consisted of anti-CD123 single chain fragment variable(clone 32,716), CD8a hinge region, CD8 transmembrane domain, 41BB costimulatory domain, and CD3ζ cytoplasmic region. CAR19 with 41BB costimulatory domain was described previously.[@CIT0028] Normal donor T cells were positively selected from leukapheresis packs using Dynabeads human T-expander CD3/CD28 (Life technology) at a bead: T cells ratio of 1:1 and expanded in vitro with 100 U/mL interleukin (IL)-2 for up to 15 days. The T cells were transduced with retrovirus vector at 48 hrs after activation as reported previously.[@CIT0028]

Flow cytometry {#S0002-S2003}
--------------

Anti-human antibodies were purchased from Becton Dickinson, BioLegend, and Miltenyi Biotec. The Accuri C6 (Becton Dickinson, USA) and FACS Calibur (Becton Dickinson, USA) were used for the analysis of various samples. For the detection of CAR expression, cells were stained with biotin-conjugated goat anti-mouse IgG,F(ab')2 fragment polyclonal antibody (Jackson ImmunoResearch Laboratories Inc., USA), followed by APC or PE-conjugated streptavidin (Jackson ImmunoResearch Laboratories Inc. or Invitrogen, USA).

Colony-forming assays {#S0002-S2004}
---------------------

Mobilized peripheral blood (MPB) cells were sorted by the CD34+ cell isolation kit (Miltenyi Biotec, Germany). MPB CD34+ cells were incubated with IFN-γ and TNF-α in StemSpan (StemCell Technologies, Inc.) for 24 hrs and then, for an additional 12 hrs with CART123 or NT at an E: T ratio of 2:1 or 10:1, plated in a methylcellulose-based medium (StemCell Technologies Inc.). A total of 1,000 CD34+ cells/mL of media were plated in 35-mm Petri dishes in triplicate and incubated at 37°C, 5% CO~2~ for 14--16 days. The method by Gill et al.[@CIT0013] was employed to quantify the myeloid colonies (total amount of colony forming unit (CFU)-granulocyte (G), macrophage (M), and granulocyte macrophage) and erythroid colonies (total amount of burst-forming unit-erythroid (BFU-E) and CFU-E) by optical microscopy. For normalization, the average colony number of one group was set at 100% and the values from the other groups were adjusted as described previously.[@CIT0029]

Killing assay {#S0002-S2005}
-------------

Briefly, carboxyfluorescein succinimidyl ester (CFSE)-labeled effector cells were incubated with targets at the indicated ratios for 6 to 24 hrs. The cells were harvested, stained for 7-ADD (BioLegend, USA) and (or) Annexin V (BioLegend, USA), and subjected to flow cytometry analysis, using the established protocol.[@CIT0030] In all of the studies, the effector to target cell ratio (E:T) was calculated by the number of total T cells and targeted cells.

mRNA microarray analysis {#S0002-S2006}
------------------------

Total RNA was extracted using TRIzol. Hybridization and scanning of the chips (PrimeView™ Human Gene Expression Array, Thermo Fisher Scientific Inc., USA) were performed as outlined in the Affymetrix technical manual by CapitalBio Corp. (Beijing, People's Republic of China). Differentially regulated mRNA expression was defined as \>1.5-fold changes and the P-value threshold (*P*\<0.05) as compared to the saline.

Cytokine release {#S0002-S2007}
----------------

Effector cells (5×10^4^) and target cells (5×10^4^) were incubated in a total volume of 1 mL RPMI-1640 medium (Lonza, USA) with 10% FBS in 24-well plate for 24 hrs. The supernatant was harvested and analyzed by ELISA (MultiSciences Biotech Co., Ltd., People\'s Republic of China) according to the manufacturer's protocol. All experiments were carried out in triplicate.

In vitro co-culture model {#S0002-S2008}
-------------------------

The in vitro co-culture model was designed to mimic the effects of abundant cytokines release on the endothelium and other cells when incubated with CART123 and AML cells indirectly. The 0.4-μm pore size Transwell in a 12-well plate (Corning, Cat \#3460) was used in the current study, which can allow the passage of cytokines but not cells. A total of 1×10^5^ effector cells (CART123 or NT) and 5×10^5^ target cells (MOLM-13, K562, and primary AML cells) were seeded in the upper chamber and objective HUVECs, CD34+ cells, or PBMC were seeded in the lower chamber. The cells were maintained in culture with RPMI-1640 supplemented with 10% FBS for 24−36 hrs before analysis by flow cytometry. The supernatant was harvested and analyzed by ELISA according to the manufacturer's protocol.

In vitro live cell imaging {#S0002-S2009}
--------------------------

HUVECs were labeled with Paul Karl Horan 26 (PKH26; Sigma-Aldrich, USA), and effector cells (CART123 and NT) were labeled with Carboxyfluorescein succinimidyl ester CFSE (BioLegend, USA) according to the manufacturers' instructions. First, PKH-26-labeled HUVECs were seeded in 48-well plates and maintained in culture with ECM. Then, IFN-γ or PBS (control group) added to wells. After 24 hrs, the medium was removed, and the cells were washed two times with PBS, and the media was replaced with RPMI-1640 supplemented with 10% FBS. CFSE-labeled effector cells were seeded at E:T of 5:1. Subsequently, the cells were observed and recorded by Nikon Ti-E Inverted Live Cell Imaging System Manuals (Japan) at 5% CO~2~ and 37°C for 24 hrs. A red and green fluorescent image was captured, respectively, every 2.5 mins for each point selected.

Statistics analysis {#S0002-S2010}
-------------------

Statistical analyses were performed using Prism version 7.0 (GraphPad). The difference between the two groups was assessed using Student's *t*-test.

Results {#S0003}
=======

TNF-α and IFN-γ upregulate the CD123 expression on endothelial cells in vitro {#S0003-S2001}
-----------------------------------------------------------------------------

The expression of CD123 on HUVECs varied in vitro culture; we summarized the results of MFI expression with respect to CD123 on HUVECs and HDMECs ([Figure 1A](#SF0001)). As described previously, CD123 can be induced by IFN-γ and TNF-α on HUVECs.[@CIT0031] Firstly, the six cytokines (IL-1α, IL-1β, IL-4, IL-6, TNF-α, and IFN-γ) were incubated with HUVECs for 24 hrs, respectively. We confirmed that only TNF-α and IFN-γ upregulated CD123 and IL-4 downregulated CD123 ([Figure 1B](#SF0001)). At high levels of CD123 expression, the trend was consistent (data not shown). Furthermore, we studied the time- and dose-dependent changes of CD123 on HUVECs after incubation with different concentrations of IFN-γ, TNF-α (50--4000 U/mL), and IL-4 (25--200 ng/mL) for 12, 24, and 48 hrs ([Figure 1C](#F0001){ref-type="fig"}-[D](#F0001){ref-type="fig"}). 50 U/mL IFN-γ could sufficiently cause a significant change in CD123 expression within 12 hrs, whereas 500 U/mL was optimal for TNF-α. The upregulation of CD123 by IFN-γ was stronger than that by TNF-α, and the combination exerted a robust effect. When the concentration of cytokines \>500 U/mL, the effect on the increased expression of CD123 was not apparent. The expression of CD123 was sufficiently downregulated by 25 ng/mL for 24 hrs. The mRNA level was confirmed by mRNA microarray analysis ([Figure 1E](#SF0001)). Also, CD123 expression on HDMECs shows similar results ([Figure 1F](#SF0001)). The results of mRNA microarray analysis showed that the inflammatory factors-related genes were significantly up-regulated after TNF-α treatment, including *IL-6* ([Figure S1](#SF0001)).

CART123 damages the HUVECs and releases the cytokines after co-culturing {#S0003-S2002}
------------------------------------------------------------------------

To evaluate the influence of HUVECs caused by CART123, we first constructed γ-retroviral vectors encoding the 41BB CD123-targeting CAR molecules with a truncated form of the human epidermal growth factor receptor (EGFRt) and the 41BB CD19-targeting CAR molecules ([Figure 2A](#SF0002)). Then, the expression of CAR was confirmed by flow cytometry ([Figure 2B](#SF0002)). Non-transducted T cells (NT) and CART19 were used as controls. The expression of CD123 and CD19 expression in these cell lines and primary AML blasts is presented in [Figure 2C](#SF0002). These results showed that K562 and NALM-6 are CD123-negative; AML cell lines KG-1a and MOLM-13 are CD123-positive; only NALM-6 cells are CD19-positive. In primary AML cells from patients, AML-2 and AML-3 exhibited CD123 expression. Next, we assessed the cytotoxicity and cytokine production of CART123 in vitro. CART123 exhibited specific cytotoxic activities in MOLM-13 and HUVECs by flow cytometry; the cytotoxicity was not very strong in MOLM-13 than in HUVECs. Also, low cytotoxicity was exerted in K562 cells ([Figure 2D](#SF0002)). The difference between the adherent and suspension cells reduces the comparability of cytotoxicity. In addition, variable CD123 on HUVECs might be the reason for high cytotoxicity to HUVECs. Furthermore, when incubated with AML-2, K562, MOLM-13, and HUVECs in 24-well plate, CART123 produced more IFN-γ, TNF-α, and IL-3 compared to CART19, whereas CART19 produced more cytokines when cultured with NALM-6 as compared to CART123. Interestingly, the production of IL-2 and IL-4 was not obvious when CART123 was challenged with AML cells or HUVECs. Strikingly, abundant IL-6 was in both HUVEC+CART19 and HUVEC+CART123 cells, and cytokines production was high when challenged with K562. Also, the cytokine production by CART123 in MOLM-13 and AML-2 was specific but at a low level as compared to K562 ([Figure 2E](#SF0002)). The low cytokine release, when challenged with CD123hi AML cells, may be caused by the incubation system consisting of small cells (AML-2 and MOLM-13) and insufficient contact. This phenomenon also reduced the comparability between different target cells; however, this study also showed the specificity of CART123. Together, these results demonstrated that CART123 has specific killing and cytokine production effects on AML cells as well as HUVECs.

CART123 co-cultured with myeloid leukemia cells upregulated CD123 on HUVECs in the in vitro co-culture model {#S0003-S2003}
------------------------------------------------------------------------------------------------------------

Although we confirmed the upregulation of IFN-γ- and TNF-α-mediated CD123 on HUVECs, the change when CART123 encounters AML cells and releases a large number of cytokines yet to be elucidated. To mimic the status that CART123 is stimulated by a large number of tumors and releases several cytokines in vitro, we designed the in vitro co-culture model for studying the altered expression of CD123 in cells ([Figure 3A](#F0003){ref-type="fig"}). Firstly, incubation of CART123 with MOLM-13, K562 cells resulted in a significant upregulation of CD123 MFI on HUVECs as compared to the control group as well as CART123 alone. Incubation of CART123 with AML-2 resulted in a significant upregulation as compared to NT+AML-2 group ([Figure 3B](#F0003){ref-type="fig"}). The evaluation of cytokine production revealed that IFN-γ, TNF-α, IL-2, IL-3, IL-4, and IL-6 were upregulated in the co-incubation group; among these, which IFN-γ, TNF-α, IL-2, and IL-6 were predominant. A moderate level of IFN-γ and significant production of IL-6 was observed in CART123 alone ([Figure 3C](#F0003){ref-type="fig"}). These findings indicated that CART123 co-cultured with myeloid leukemia cells and CART123 alone could release a large number of cytokines and induce the expression of CD123 on endothelium.Figure 3CART123 co-cultured with myeloid leukemia cells upregulated CD123 on HUVECs in the in vitro co-culture model. (**A**) Schematic of the in vitro co-culture model. (**B**) Effector cells (CART123 or NT) and target cells (MOLM-13, K562, and AML-2) were seeded in the upper chamber, and HUVECs were seeded in the lower chamber of the in vitro co-culture model. After co-culturing for 36 hrs, HUVECs were digested with trypsin to obtain single cell suspension to assess the expression of CD123 by flow cytometry (mean±SEM). Data show the results of six independent experiments. (**C**) Also, the culture supernatants were harvested and used for analyzing cytokine production by ELISA. (mean±SEM of triplicate). \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001; \*\*\*\**P*\<0.0001.**Abbreviations:** CAR, chimeric antigen receptor; NT, non-transduced T; HUVECs, human umbilical vein endothelial cells; AML, acute myeloid leukemia.

IFN-γ and TNF-α-pretreated HUVECs are vulnerable to CART123 in vitro {#S0003-S2004}
--------------------------------------------------------------------

Next, we studied the impact of CD123 upregulation. The corresponding neutralizing antibody blocked the upregulation of CD123 of HUVECs caused by IFN-γ and TNF-α, respectively, but not by IL-4 ([Figure 4A](#F0004){ref-type="fig"} and [B](#F0004){ref-type="fig"}). To further verify the cause of CD123 upregulation and to block it in the co-culture model, we used IFN-γ and TNF-α neutralizing antibodies, IL-4, and tocilizumab, a humanized monoclonal antibody against the IL-6 receptor (IL-6R). Although activated T cells also release IL-4, the level is shallow. These results did not show any significant effect on the expression level of CD123 by the addition of IL-4 or tocilizumab. However, IFN-γ and TNF-α neutralizing antibodies could significantly downregulate the expression of CD123. Also, a combination of IFN-γ and TNF-α neutralizing antibodies reduced the level of CD123 expression to that of the baseline. ([Figure 4C](#F0004){ref-type="fig"} and [D](#F0004){ref-type="fig"}). These findings indicated that among the cytokines released in the co-culture model, IFN-γ and TNF-α specifically upregulate the endothelial CD123 level.Figure 4IFN-γ- and TNF-α-pretreated HUVECs are vulnerable to CART123 in vitro. (**A**) Expression of CD123 on HUVECs after treatment with IFN-γ, TNF-α and neutralizing antibodies at different concentrations for 24 hrs (mean±SEM, n=3). Data show one representative experiment. (**B**) Expression of CD123 on HUVECs after treatment with IFN-γ, TNF-α, and IL-4 at different concentrations for 24 hrs (mean ±SEM, n=3). Data show one representative experiment. (**C-D**) In in vitro co-culture model, HUVECs were incubated with effector cells (CART123 or NT), target cells (MOLM-13), IFN-γ and TNF-α neutralizing antibodies, IL-4 (**C**) and tocilizumab (**D**) for 36 hrs and detected the CD123 expression by flow cytometry (mean±SEM, n=3). Data show one representative experiment. (**E**) Cytotoxicity of CART123 or NT at 6 hrs when co-cultured with HUVECs pretreated with cytokines (IFN-γ, TNF-α, and IL-4) for 24 hrs and treated with neutralizing antibodies at E:T of 5:1 was detected using 7-AAD and Annexin V (mean±SEM, n=3). Data show one representative experiment. (**F**) HUVECs (red) and CART123 or NT (green) were co-cultured for 24 hrs and recorded by Nikon Ti-E Inverted Live Cell Imaging System Manuals at 5% CO~2~ and 37°C. The number of detached cells after co-culture for 24 hrs is shown (mean±SEM, n=2). (**G**) Cytotoxicity at 14 hrs of CART123 or NT when co-cultured with AML cell lines KG-1a and MOLM-13 treated with neutralizing antibodies at 5:1 E:T was detected using 7-AAD and Annexin V (mean±SEM, n=3). Data show one representative experiment. \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001; \*\*\*\**P*\<0.0001.**Abbreviations:** IFN, interferon; TNF, tumor necrosis factor, HUVECs, human umbilical vein endothelial cells; CAR, chimeric antigen receptor; NT, non-transduced T; 7-AAD, 7-Aminoactinomycin D; AML, acute myeloid leukemia; E:T, the effector to target cell ratio.

Furthermore, to evaluate whether CD123 upregulation would enhance the specific cytotoxic activities in endothelial cells by CART123, we performed flow cytometry and live cell imaging system. After a 24-hr treatment with IFN-γ or TNF-α, the cytotoxicity of CART123 on HUVECs was significantly enhanced. However, the addition of IFN-γ and TNF-α neutralizing antibodies alone reduced the cytotoxicity, but combination during incubation did not exert a similar effect ([Figure 4E](#F0004){ref-type="fig"}). CD123 upregulation could embody a dual role due to anti-apoptosis effect of IL-3.[@CIT0032],[@CIT0033],[@CIT0034],[@CIT0035]

We observed the dynamic changes of co-incubation of CART123 and HUVECs by in vitro live cell imaging. The endothelial cell lethality was assessed by the detachment of HUVECs. Notably, CART123 significantly enhanced the damage to HUVECs as compared with NT. Moreover, the killing was significantly enhanced after treatment with IFN-γ for 24 hrs, which was similar to the previous findings ([Figure 4F](#F0004){ref-type="fig"} and [Videos S1](http://youtu.be/wuFzgNSmZx0); [S2](http://youtu.be/9KO-qllp644); [S3](http://youtu.be/6WSWMPANKLE); [S4](http://youtu.be/DkCzdpJIPoE); [S5](http://youtu.be/jpPzy7xDBUs); [S6](http://youtu.be/NY5H-fcS4qQ); [S7](http://youtu.be/zdCA6Z7n0Bk); and [S8](http://youtu.be/uXjDLXZFFCs)). These findings suggested that upregulation of CD123 by IFN-γ or TNF-α leads to the enhanced killing of CART123 on HUVECs, and the addition of IFN-γ and TNF-α neutralizing antibodies decreased the cytotoxicity to HUVECs via blocking the upregulation of CD123.

Next, to verify whether neutralizing antibodies affect the efficacy of CART123 on AML cells, IFN-γ and TNF-α neutralizing antibodies were added when CART123 was incubated with MOLM-13 and KG-1a cells ([Figure 4G](#F0004){ref-type="fig"}). We found that the addition of IFN-γ and TNF-α neutralizing antibodies did not affect the cytotoxicity of CART123 on AML cell lines. In summary, these findings demonstrated that IFN-γ and TNF-α neutralizing antibodies could exert a protective effect on the endothelium in the treatment of CART123.

Induced expression of CD123 in T cells and myeloid leukemia cells in vitro {#S0003-S2005}
--------------------------------------------------------------------------

Based on the pattern of CD123 expression on endothelial cells, we explored whether CD123 expression on normal cells of the hematopoietic system and myeloid leukemia cells is also affected by cytokines. First, we incubated CART123, NT, K562, and MOLM-13 cells with different cytokines and found that CD123 was induced by TNF-α in K562 cells. Also, CD123 on MOLM-13 cells could be induced by IFN-γ, but CART123 and NT showed a slight upregulation after treatment with high concentrations of TNF-α ([Figure 5A](#F0005){ref-type="fig"}). Moreover, CART123 showed a high CD123 expression with increasing density of seeding cells ([Figure 5B](#F0005){ref-type="fig"}).Figure 5Induced expression of CD123 in CAR T and myeloid leukemia cells in vitro. (**A**) Expression of CD123 on MOLM-13, K562, NT, and CART123 after treatment with cytokines (TNF-α, IFN-γ, and IL-3) for 24 and 48 hrs was detected by flow cytometry (mean±SEM, n=3). Data show one representative experiment. Representative plots are shown. (**B**) Expression of CD123 on CART123 in different density of seeding cells after in vitro culture for 24 and 48 hrs (mean±SEM, n=3). Data show one representative experiment. (**C-D**) CFSE-labeled effector cells (CART123 or NT) and target cells (MOLM-13, K562, and AML-3) were seeded in the upper chamber, and healthy donor-derived PBMC were seeded in the lower chamber of the in vitro co-culture model. After co-culturing for 24 hrs, target cells (**C**) and CFSE-labeled effector cells (**D**) and were analyzed for CD123 expression (mean±SEM, n=3). Data show one representative experiment. \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001; \*\*\*\**P*\<0.0001.**Abbreviations:** IFN, interferon; TNF, tumor necrosis factor, HUVECs, human umbilical vein endothelial cells; CAR, chimeric antigen receptor; NT, non-transduced T; 7-AAD, 7-Aminoactinomycin D; AML, acute myeloid leukemia; E:T, the effector to target cell ratio; PBMC, peripheral blood mononuclear cell; CFSE, carboxyfluorescein succinimidyl ester.

Furthermore, to investigate the changes in CD123 after different hematopoietic cells under the status that CART123 is stimulated, we used the in vitro co-culture model to study the PBMCs by staining the cells with CD56, CD3, CD11c, CD14, and CD123 fluorescent antibodies ([Figure S2](#SF0002)). In CD56+ and CD3+ cells, we did not find any significant differences in CD123 expression levels after incubation. Notably, in CD11c+ and CD14+ cells, the expression level of CD123 was significantly upregulated when NT was co-cultured with tumor cells. The maximal upregulation was detected in the IL-4-treated group, as IL-4 induces monocytic differentiation into DCs that highly express CD123.[@CIT0036] To further understand the changes in CD123 on T cells and AML cells, we examined the expression of CD123 on K562, MOLM-13, and AML-3 cells in the upper chamber of the co-culture model. Consequently, the expression of CD123 in K562 was upregulated after incubation with CART123. Conversely, AML-3 and MOLM-13 highly expressed CD123 that was downregulated after incubation with CART123 ([Figure 5C](#F0005){ref-type="fig"}). This phenomenon could be explained by the selective killing of CD123hi cells, excluding the CD123lo cells. The underlying mechanism needs further study; however, the induction of CD123 expression on K562 cells after incubation with CART123 could explain the low-level killing and cytokine production by CART123. Thus, K562 may be not an ideal negative control for CART123. In addition, expression of CD123 on CART123 and NT was assessed after incubation with myeloid leukemia cells. Consequently, CART123 showed a higher CD123 expression than NT. After incubation with leukemia cells, the expression level of CD123 was markedly upregulated on CART123 ([Figure 5D](#F0005){ref-type="fig"}).

Upregulation of CD123 expression after activation of CAR T cell {#S0003-S2006}
---------------------------------------------------------------

To further verify the correlation between expression of CD123 on CART123 and T-cell activation, we performed a cell proliferation assay and found that after stimulation with CD3/28 Dynamic beads, the proliferation and expression of CD123 were increased. The proliferation and expression of CD123 remained unchanged after stimulation; however, the levels of CD123 expression were high ([Figure 6A](#F0006){ref-type="fig"}). Also, we observed a significant upregulation of CAR expression after stimulation with CD3/28 Dynamic beads, which could be attributed to the activation of CART123 under the stimulation of CD123 antigen ([Figure 6B](#F0006){ref-type="fig"}). When co-cultured with the anti-CD123 antibody, CFSE level of CART123 was significantly increased, coinciding with the decrease of cell proliferation rate. In contrast, no significant change was detected in the level of CFSE on NT ([Figure 6C](#F0006){ref-type="fig"}). These results indicated that CART123 expressed a higher level of CD123 than NT, putatively caused by CAR123 in cis or trans, leading to cell activation. In order to substantiate whether CART123 has to be susceptible to become activated, we detected the percentages of CD3, CD4, CD45RA, CD62L, CAR, CD123, CD25, PD-1, and TIM-3. The results exhibited that CART123 can be easily differentiated into the terminal state. Additionally, the expression of PD-1 and TIM-3 was upregulated and correlated with the expression of CAR compared to the NT group. Also, we found that the expression of CD123 and CD25 was distinct in CART123 as well as correlated with the expression of CAR ([Figure 6D](#F0006){ref-type="fig"} and [E](#F0006){ref-type="fig"}). These results demonstrated that CART123, especially CAR123hi T cells express abundant CD123 and an activated state, marked by a high level of PD-1, TIM-3, and CD25. In order to prove whether CART123 is vulnerable to apoptosis when cultured in vitro, we calculated the amplification fold and detected the level of apoptosis. The data showed that CART123 exhibited lower expansion folds compared to CART19 and a higher level of apoptosis compared to NT ([Figure 6F](#F0006){ref-type="fig"} and [G](#F0006){ref-type="fig"}).Figure 6Upregulation of CD123 expression after activation of CAR T cell. (**A**) The proliferation of CART123 and NT after CFSE-stained CART123 and NT were stimulated with IL-2 100 U/mL and CD3/CD28 beads at 1:1+ IL-2 100 U/mL for 48 hrs; then, CFSE dilution was analyzed by flow cytometry. (**B**) Expression of CD123 and CAR after stimulation for 48 hrs was analyzed by flow cytometry (mean±SEM, n=3). Data show one representative experiment. (**C**) The proliferation of CART123 and NT were stimulated with IL-2 and CD3/CD28+ IL-2, or treated with different concentrations of anti-CD123 antibodies for 48 hrs (mean± SEM, n=3). Data show one representative experiment. (**D-E**) CART123, CART19 or NT cells from healthy donors were activated by CD3/CD28 beads at 1:1 and cultured in vitro with IL-2 100 U/mL. Six days after transduction, T lymphocytes were analyzed by flow cytometry. (**D**) Representative plots are shown. (**E**) (mean±SEM, n=3). Data show one representative experiment. (**F**) Proliferation curve of CART123, CART19, and NT within 7 days after transfection (mean±SEM, n=3). Data are depicted from three independent experiments; each point represented an average of triplicate. (**G**) Apoptosis detected by 7-AAD and Annexin V at day 7 after transfection (mean±SEM, n=3). Data are depicted from three independent experiments; each point represented an average of triplicate. \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001; \*\*\*\**P*\<0.0001.**Abbreviations:** CAR, chimeric antigen receptor; NT, non-transduced T; 7-AAD, 7-Aminoactinomycin D; CFSE, carboxyfluorescein succinimidyl ester.

In conclusion, the current results exhibited that CART123 has a higher level of CD123 and CD25, is more vulnerable to apoptosis as compared to CART19.

CART123 affects erythroid differentiation of CD34+ cells, and CD123 on CD34+ cells could be upregulated {#S0003-S2007}
-------------------------------------------------------------------------------------------------------

Cytopenia is another possible side effect of CD123-targeted therapy. The MPB CD34+ cells highly expressed CD34 and CD123 ([Figure 7A](#F0007){ref-type="fig"}). Then, we assessed the effect of CART123 on the colony formation of MPB CD34+ samples. NT serves as the control group. Following a 12-hr co-culture with CART123 at an E:T of 2:1, 1/4 samples exhibit damaged erythroid colony formation. When the E:T is increased to 10:1, 2/4 and 1/4 samples exhibited injured of erythroid and myeloid colony formation, respectively. The normalized result exhibited that CART123 enhances the erythroid colony formation but not myeloid as compared with NT. ([Figure 7B](#F0007){ref-type="fig"})Figure 7Effect of CART123 on nHSPCs in vitro. (**A**) The expression of CD123 and CD34 on MPB CD34+ cells was detected by flow cytometry. (**B**) CD34+ MPB cells were CD34-immunomagnetically selected and cultured in StemSpan for 24 hrs, then co-cultured with either NT or CART123 from the same healthy donor or media alone (control) for 12 hrs at E:T of 2:1 and 10:1. Subsequently, the cells were plated in a methylcellulose-based medium for 14--16 days and scored for the presence of erythroid (BFU-E/CFU-E) and myeloid (CFU-G/M/GM) colonies (mean±SEM of triplicates). Normalized data set NT 2:1 group as 100% and depicted as mean±SEM of four independent experiments; each point represents an average of triplicate. (**C**) The expression of CD123 on CD34+ cells was detected by flow cytometry after treated with cytokines for 36 hrs (mean±SEM, n=3). Data are depicted from three independent experiments; each point represented an average of triplicate. (**D**) Effector cells (CART123 or NT) and target cells (MOLM-13) were seeded in the upper compartment, and MPB CD34+ cells were seeded in the lower compartment. After co-culturing for 36 hrs, CD34+ cells were harvested and analyzed for the expression of CD123 by flow cytometry (mean±SEM, n=4). Data are depicted from four independent experiments; each point represented an average of triplicate. (**E**) CD123 MFI on CD34+ cells after co-culturing in the co-culture model with effector cells (CART123 or NT), target cells (MOLM-13), and neutralizing antibodies for 36 hrs (mean±SEM, n=3) (**F**) MPB CD34+ cells were treated with IFN-γ 1,000 U/mL and TNF-α 1,000 U/mL or media (control) for 24 hrs, and then co-cultured with either CART123 from the same healthy donor or media alone (control) for 12 hrs at E:T of 10:1. The colony numbers enumerated as described previously (mean±SEM of triplicates). Normalized data set of IFN-γ+TNF-α group as 100% and depicted as mean±SEM from four independent experiments; each point represented an average of triplicate. \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001; \*\*\*\**P*\<0.0001.**Abbreviations:** CAR, chimeric antigen receptor; NT, non-transduced T; MPB, mobilized peripheral blood; E:T, the effector to target cell ratio; IFN, interferon; TNF, tumor necrosis factor; CFU, colony forming unit; BFU, burst-forming unit-erythroid; G, granulocyte; M, macrophage, GM, granulocyte macrophage; E, erythroid.

Previous studies have mentioned that IFN-γ, TNF-α, and IL-1 could upregulate the expression of CD123 in CD34+ stem cells.[@CIT0037] Furthermore, we confirmed that the treatment with IFN-γ and TNF-α could regulate CD123 expression in MPB CD34+ cells, as well as incubation of CART123 with MOLM-13 cells in the co-culture model ([Figure 7C](#F0007){ref-type="fig"} and [D](#F0007){ref-type="fig"}). However, blocking IFN-γ and TNF-α when incubation of CART123 with MOLM-13 cells in the co-culture model cannot inhibit the upregulation of CD123 ([Figure 7E](#F0007){ref-type="fig"}). This result might be caused by other cytokines, such as IL-1 and granulocyte colony-stimulating factor, can also upregulate CD123 expression in CD34+ cells.[@CIT0011],[@CIT0037] To investigate whether the upregulation of CD123 results in increased damage to CD34+ cells by CART123, we treated CD34+ cells with IFN-γ and TNF-α for 24 hrs before incubation with CART123. Compared to CART123 group, 2/4 samples exhibited significantly injured erythroid colony formation by CART123 after treatment with IFN-γ and TNF-α; similar results were presented by 1/4 myeloid samples. The normalized result revealed that treatment with IFN-γ and TNF-α did not enhance the damage to erythroid and myeloid colony formation caused by CART123 ([Figure 7F](#F0007){ref-type="fig"}). Although IFN-γ and TNF-α upregulated the expression of CD123 on CD34+ cells, it could not enhance the damage of myeloid and erythroid colony formation caused by CART123.

Discussion {#S0004}
==========

Based on the previous literature and clinical phenomena, we hypothesized that CART123 exacerbated the endothelial cell damage under CRS status that was preliminarily validated in vitro. Although human umbilical veins are only at certain stages of human life, HUVECs have been considered as a general model for endothelial cells in both normal and diseased conditions.[@CIT0038] In the current study, we confirmed that IFN-γ and TNF-α upregulate while IL-4 downregulates the expression of CD123 on HUVECs and HDMECs in vitro. AML cells and HUVECs challenged with CART123 exhibit specific killing and cytokine production. Thus, an in vitro co-culture model was designed to mimic the simplified CRS status that CART123 was stimulated by a large number of tumors and releases numerous cytokines. We found that incubation of CART123 with myeloid leukemia cells resulted in a significant upregulation of CD123 expression on HUVECs. The addition of IFN-γ and TNF-α neutralizing antibodies effectively reversed the upregulation of CD123 on the endothelial cells in the in vitro co-culture model. In the current study, IFN-γ- and TNF-α-pretreated HVUECs are vulnerable to CART123. Furthermore, we verified that the addition of IFN-γ and TNF-α neutralizing antibodies did not affect the killing effect of CART123 on AML cell lines.

The data from several clinical studies indicated that the level of IFN-γ and TNF-α was increased in CRS, especially in sCRS.[@CIT0019],[@CIT0024],[@CIT0026] Similarly, the large release of IFN-γ and TNF-α was validated in the current study and other preclinical studies of CART123.[@CIT0005],[@CIT0013],[@CIT0015] These results preliminary validated our hypothesis and provided a reasonable explanation for the emergence of CRS with CLS in CART123 clinical trials. Presently, the US FDA approved the blocking antibodies for both cytokines, Enbrel (etanercept) for TNF-α and Gamifant (emapalumab) for IFN-γ. Therefore, IFN-γ and TNF-α neutralizing antibodies could be reliable for protecting the endothelium in the treatment of CART123. Previous studies demonstrated that both IFN-γ and TNF-α exhibited an anti-tumor and a pro-tumor effect in previous studies.[@CIT0039],[@CIT0040] Whether blocking IFN-γ and TNF-α affects the efficacy of hematological malignancies requires further validation in animal models and clinical trials. The clinical research data revealed that the high level of IFN-γ and TNF-α in CAR T cell treatment is under the CRS status, which is remarkably low under normal circumstances.[@CIT0024],[@CIT0026] Therefore, timely or prophylactic administration of IFN-γ and TNF-α blocking antibodies at the time of CRS can effectively reduce endothelial cell damage in the treatment of CART123. In addition, reducing CRS, including the improvement in CAR design, decreasing the infusion dose, pretreatment intensity, and tumor burden, or controlling the CRS by drugs, might effectively reduce the occurrence of endothelial cell damage.[@CIT0019],[@CIT0026],[@CIT0041],[@CIT0042] Conversely, the use of neutralizing antibodies is simpler, more thorough, and more controllable. Although IL-6 is released in large quantities in CRS,[@CIT0043]--[@CIT0046] it does not affect the expression of CD123 on HUVECs. mRNA microarray analysis showed that *IL-6* was significantly upregulated after TNF-α treatment. These results indicated that endothelial cells could be the main source of IL-6 when directly or indirectly incubated with CAR T cell in the current study, as reported previously that endothelial cells are the key source of IL-6 in CART19 therapy.[@CIT0016] In the current study, the significant increase in the IL-6 level in the CART19 group could due to activated HUVECs caused by the adhesion or stimulated.[@CIT0047]

Little was known about the expression of CD123 on T cells, until recently Kerstin Renner et al.[@CIT0048] found that CD123 was significantly upregulated in proliferating CD4+ and CD8+ T cells, and the upregulation of CD123 differs between various activators and can be further modulated by cytokines. This phenomenon was critical in the treatment of CART123. The current study proved that CART123 expresses a higher level of CD123 than CART19 and NT during in vitro culture, and the level of CD123 on T cells was upregulated after activation. Moreover, CART123, especially CAR123hi T cells were activated and marked by high PD-1, TIM-3, and CD25, resulting in a differentiated phenotype. During in vitro culture, CART123 exhibited a low expansion-fold and a high level of apoptosis. In summary, the activation and apoptosis of CART123 could be caused by recognition in trans or cis, putatively resulting in overactivation and fratricide effect. A fratricide effect was observed in CD7 CAR T cells.[@CIT0049] Besides, CAR19 might bind in cis to the CD19 epitope on the surface of leukemic cells.[@CIT0050] Thus, the underlying mechanism requires a detailed study. A high-density culture resulted in high expression of CD123 in CART123, which might be attributed to a low potency of CART123 and a low level of IFN-γ when CART123 indirectly incubated with HUVECs in the current study. Besides, the activation and apoptosis of CART123 caused some interference to in vitro experiments.

As a result, CD123 on HUVECs and CART123 changed in the in vitro culture. Also, CD123 is induced in endothelial cells, hematopoietic stem cells, T cells, and myoloid leukemia cells, and is dynamically altered during hematopoietic development, designating it as a variable marker.[@CIT0011],[@CIT0013],[@CIT0031],[@CIT0048],[@CIT0051],[@CIT0052] The high cytotoxicity to HUVECs might be related to the expression of CD123, and hence, the activation threshold necessitates further exploration.[@CIT0020] IL-3 might have critical roles in inflammation and anti-apoptosis.[@CIT0021],[@CIT0032]--[@CIT0035] Therefore, the upregulation of CD123 (IL-3Rα) expression under inflammation or apoptosis is yet to be elucidated. Activated T cells are the primary source of IL-3.[@CIT0021] Thus, the upregulated level of CD123 is not only the target of the CART123 but may also exert an anti-apoptotic effect by receiving IL-3. Therefore, blocking both TNF-α and (or) IFN-γ could cause a significant decrease in CD123 and receive less IL-3. Additional studies are essential in animal models to verify the efficacy of TNF-α and IFN-γ antibodies.

Hematopoietic toxicity has been one of the most concerning side effects of CART123. Strikingly, recent clinical studies have shown that CART123 has an infusive effect without cytopenia.[@CIT0012] Our data revealed that CART123 enhanced the erythroid colony formation but not myeloid as compared to NT. These different outcomes in previous preclinical studies could be attributed to the about hematopoietic toxicity was that fetal liver-derived CD34+ cells and cord blood-derived CD34+ cells are different in CD123 expression.[@CIT0053],[@CIT0054] Although IFN-γ and TNF-α upregulated the expression of CD123 on CD34+ cells, pretreatment with IFN-γ and TNF-α could not enhance the injury by CART123. However, whether CART123 will aggravate the damage to the hematopoietic system under CRS status needs further evaluation using animal models, as well as clinical trials.

The limitation of this study was that no animal experiments were performed using NSG mice. However, it was difficult to mimic the effects of CART123 on human endothelial cells in animal models. In the current CRS animal model, endothelial cells are derived from mice, and CAR T cells and tumors are derived from humans.[@CIT0055]--[@CIT0057] A cross-species reactivity chart of human and murine cytokines was detected in the mouse model of the study by Giavridis et al, and the results showed that human IFN-γ could not signal through the murine IFN-γ receptor, whereas human TNF-α can signal through the murine p55 TNF receptor but not the p75 TNF receptor.[@CIT0057] In the current study, the results of the cross-reactivity of the two core cytokines, IFN-γ and TNF-α, limited our experiments on this model. Therefore, new animal models need to be designed to evaluate the toxicity to endothelial cells. Non-human primates would be the ideal model.[@CIT0022]

In conclusion, the current preliminary study indicated that the expression of CD123 on endothelial cells could be upregulated when co-cultured with CART123. Furthermore, IFN-γ and TNF-α could aggravate endothelial damage caused by CART123 in vitro. Also, we proved for the first time that CART123 expresses CD123 during in vitro culture, and the level of CD123 is upregulated after activation.
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[Videos S1](http://youtu.be/wuFzgNSmZx0); [S2](http://youtu.be/9KO-qllp644); [S3](http://youtu.be/6WSWMPANKLE); [S4](http://youtu.be/DkCzdpJIPoE); [S5](http://youtu.be/jpPzy7xDBUs); [S6](http://youtu.be/NY5H-fcS4qQ); [S7](http://youtu.be/zdCA6Z7n0Bk); and [S8](http://youtu.be/uXjDLXZFFCs) human umbilical vein endothelial cells (red) and CART123 or non-transduced T (green) were co-cultured for 24 hrs and recorded every 2.5 mins for each point selected by Nikon Ti-E Inverted Live Cell Imaging System Manuals at 5% CO~2~ and 37°C.

Figure S1Heat map of mRNA expression on HUVECs. The heat map showed a distinguishable mRNA expression profiling between the groups treated with IFN-γ 500 U/mL, TNF-α 500 U/mL and IL-4 100 ng/mL or untreated. The main results are divided into four groups according to the Go database information (mean±SEM, n=3).**Abbreviations:** IFN, interferon; TNF, tumor necrosis factor; HUVECs, human umbilical vein endothelial cells.Figure S2CD123 expression on CD3+, CD56+, CD14+, and CD11c+ cells. Effector cells (CART123 or NT) and target cells (MOLM-13, K562, and AML-3) were seed in the upper chamber and healthy donor-derived PBMC were seed in the lower chamber of in vitro co-culture model or treated PBMC with IFN-γ,TNF-α, IL-4, and IL-6. After cocultured for 24 hrs, PBMC was analyzed for CD3+, CD56+, CD14+, CD11c, and CD123 expression by flow cytometry (mean±SEM, n=3). Data show one representative experiment. \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001; \*\*\*\**P*\<0.0001.**Abbreviations:** IFN, interferon; TNF, tumor necrosis factor, CAR, chimeric antigen receptor; NT, non-transduced T; AML, acute myeloid leukemia; E:T, the effector to target cell ratio; PBMC, peripheral blood mononuclear cell.
